Abstract Dietary-associated diseases have increased tremendously in our current population, yet key molecular changes associated with high-fat diets that cause clinical pre-diabetes, obesity, hyperglycemia, and peripheral neuropathy remain unclear. This study examines molecular and metabolic aspects altered by voluntary exercise and a high-fat diet in the mouse dorsal root ganglion. Mice were examined for changes in mRNA and proteins encoding anti-inflammatory mediators, metabolic-associated molecules, and pain-associated ion channels. Proteins involved in the synaptosomal complex and pain-associated TRP ion channels decrease in the dorsal root ganglion of high-fat exercise animals relative to their sedentary controls. Exercise reversed high-fat diet induced mechanical allodynia without affecting weight gain, elevated blood glucose, and utilization of fat as a fuel source. Independent of weight or fat mass changes, high-fat exercised mice display reduced inflammation-associated mRNAs. The benefits of exercise on abnormal peripheral nerve function appear to occur independent of systemic metabolic changes, suggesting that the utilization of fats and inflammation in the peripheral nervous system may be key for diet-induced peripheral nerve dysfunction and the response to exercise.
Introduction
Diabetes and pre-diabetes are a continuing rising epidemic in the United States and worldwide, with patients experiencing symptoms of neuropathy in both pre-and over-diabetic patients (Groover et al., 2013; Services, 2014) . A high-fat diet fed to rodents mimics pre-diabetes and negatively alters peripheral sensation (Guilford et al., 2011; Groover et al., 2013) . Our previous work in mice has shown that exercise reduces most but not all diet-induced metabolic abnormalities (Groover et al., 2013) . This is consistent with clinical studies that reveal exercise benefits individuals with neuropathy (Li and Hondzinski, 2012) and neuropathic pain (Balducci et al., 2006; Dobson et al., 2014) . However, the mechanisms by which exercise exerts its benefits remain poorly understood.
We show that a high-fat diet fed to mice alters molecular pathways involved in inflammation and pain. Our results suggest that exercise provides select benefits that occur independent of alterations in body weight, fat mass, and traditional mitochondrial and metabolic signals, suggesting that exercise benefits sensory function in specific and unpredicted ways.
Methods and Materials
Seven-week-old male C57/BL6 #027 mice were purchased from Charles River (Wilmington, MA, USA) and maintained on a 12 : 12 h light/dark cycle. All mice were given ad libitum access to food and water and Figure 1 . A high-fat diet induces mechanical allodynia and is rescued by exercise von Frey mechanical sensitivity examination shows sensitivity in both HF-Ex) and HF-Sed compared with control animals after 6 weeks of a high-fat diet. HF-Ex mice return to baseline levels at 12 weeks of physical activity (n = 8 for all groups). All data are presented as mean ± SEM. *CF-Sed vs. HF-Sed, # CF-Ex vs. HF-Sed,^HF-Sed vs. HF-Ex, ∘ CF-Ex vs. HF-Ex. HF-Ex, high-fat exercise; HF-Sed, high-fat sedentary; CF-Sed, chow-fed sedentary; CF-Ex, chow-fed exercise.
were fed a chow diet (8604; Envigo, Madison, WI, USA; 14% kcals from fat, 32% protein, and 54% carbohydrate) or a high-fat diet (07011; Envigo; 54% kcals from vegetable shortening (hydrogenated) and corn oil fat, 21% protein and 24% carbohydrate). At 8 weeks of age, all mice were fed the chow diet through all baseline testing. After baseline behavioural testing was complete, animals were separated and the groups were given different diets. All animal use was in accordance with NIH guidelines and conformed to the principles specified by the Institutional Animal Care and Use Committee.
Following baseline testing, animals were separated into sedentary or exercise groups (Groover et al., 2013) . Treatment groups are identified throughout the study as: chow-fed sedentary (CF-Sed), chow-fed exercise (CF-Ex), high-fat sedentary (HF-Sed), and high-fat exercise (HF-Ex).
Animal weight and blood glucose (glucose diagnostic reagents; Sigma, St. Louis, MO, USA) was measured weekly after a 3-h fast. At sacrifice, blood was drawn from the chest cavity and allowed to clot for 30 min on ice, then spun at 3,000g for 30 min at 4 ∘ C and serum was frozen at −80 ∘ C for bradykinin and -hydroxybutyrate analysis. Animals were acclimatized and tested for mechanical sensitivity as previously described (Chaplan et al., 1994; Groover et al., 2013) .
Fat and lean mass was measured using magnetic resonance imaging (MRI) using an EchoMRI-100 (EchoMRI, Houston, TX, USA). Body composition was measured before sacrifice at completion of the 12-week study.
A metabolic monitoring system (Promethion, Sable Systems Int., Las Vegas, NV, USA) was used to measure total energy expenditure (TEE) and respiratory quotient (RQ) over a 48-h period 10 weeks into the study. Mice were singly housed in metabolic chambers and acclimated for 2 days prior to data collection. Data were analyzed as two 12-h cycle averages (12 h ambient light [07:00-19:00] and 12 hours of dark [19:00-07:00]) and were calculated per animal; light and dark averages were used to calculate group means.
RNA was extracted and cDNA synthesized as previously described (Jack et al., 2011) . Primer sequences for TFAM, HIF1-, DGKB, BDH1, HSP60, HSP70, TRPV1, TRPA1, AKAP150, SNAP25, CGRP, TrkA, and GAPD, were created for mouse sequences using Integrated DNA Technologies (Coralvile, IA, USA). A custom polymerase chain reaction (PCR) plate from Bio-Rad was used to analyze mRNAs for tumor necrosis factor (TNF-), interleukin 1 Beta (IL-1 ), interleukin 6 (IL-6), mitogen-activated protein kinase 14 (p38), mitogen-activated protein kinase 8 (JNK), nerve growth factor (NGF), synaptosomal-associated protein, 23kDa (SNAP23), syntaxin binding protein 4 (STXBP4), vesicle-associated membrane protein 2 (VAMP2). All reactions were performed in triplicate and mRNA levels were normalized to GAPDH. ΔΔCT values were used to calculate fold change and relative expression levels.
Lumbar and thoracic dorsal root ganglion (DRG) were flash frozen in liquid nitrogen and stored at −80 ∘ C. Western blot analysis was performed as previously described (Grote et al., 2013) . Additional samples were used for analysis of oxidative phosphorylation (OXPHOS) of electron transport complexes. Antibodies include Anti-Total OXPHOS (1 : 333, Abcam, Cambridge, MA, USA); Anti-p38 MAPK and Anti-Phospho-p38 MAPK (1 : 1,000, Cell Signalling, Danvers, MA, USA); Anti-Phospho-AMPK (1 : 1,000, Cell Signalling); Anti-AMPK (1 : 1,000, Cell Signalling); Anti-PPAR-(1 : 500. Abcam); Anti-Snap23 (1 : 1,000, Abcam); Anti-Snap25 (1 : 1000, Abcam); Anti-Tubulin (1 : 1000, Abcam); Anti-PPAR--Coactivator 1 (PGC1-) (1 : 500, Calbiochem EDM Millipore, San Diego, CA, ISA); and Anti--Actin (1:2500, Abcam).
Results are presented as means ± SEM. Data were analyzed using a two-factor ANOVA with post hoc comparisons analyzed using Fisher's test of least square difference. Statistical significance was set at p < 0.05 and analyses were performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA).
Results
By 6 weeks, both high-fat fed groups had decreases in withdrawal thresholds compared to CF-Ex and sedentary (HF-Sed, p = 0.072; HF-Ex, p = 0.068) mice, although thresholds of high-fat fed mice were only statistically significantly decreased relative to CF-Ex mice (HF-Ex, p = 0.049; HF-Sed, p = 0.051). At the conclusion of the study, HF-Sed mice maintained decreased thresholds relative to the CF-Sed controls (p = 0.018), whereas thresholds of high-fat exercised mice were rescued and fell between chow sedentary mice and high-fat sedentary mice (p = 0.008) (Fig. 1) .
HF-Sed and HF-Ex mice gained more weight compared with both chow-fed groups ( Fig. 2A) . In addition, measurements of body weight due to changes in fat vs. lean mass revealed a main effect of diet on fat mass (p < 0.0001, Fig. 2B ). Both HF-Sed and HF-Ex mice gained significantly more fat mass compared with chow-fed groups (CF-Sed vs. HF-Sed, p = 0.001; CF-Sed vs. HF-Ex, p = 0.025; CF-Ex vs. HF-Sed, p = 0.0002; CF-Ex vs. HF-Ex, p = 0.005, Fig. 2B ). No alterations in lean mass were noted between any groups.
HF-Sed and high-fat fed exercised mice had elevated blood glucose levels compared with chow-fed mice 2 weeks after diet and exercise initiation (Fig. 2C) . Both high-fat diet groups' blood glucose levels remained below 250 mg/dl.
Serum bradykinin was not altered by diet or exercise when compared to all groups or by main effects. Serum -hydroxybutyrate displayed a main effect of exercise (p = 0.021) and was significantly elevated in high-fat sedentary mice compared to both exercised groups (HF-Sed vs. CF-Ex, p = 0.016; HF-Sed vs. HF-Ex, p = 0.0119), although not different compared with CF-Sed (HF-Sed vs. CF-Sed, p = 0.081, Fig. 2D ).
Regardless of exercise training, mice on a high-fat diet had a reduced RQ (dark cycle p < 0.0001; light cycle p < 0.0001); while mice fed a chow diet had an RQ Analysis of energy expenditure was divided into 12-h dark and light cycle quantifications and revealed no differences between any groups (Fig. 3C) . Dark cycle analysis displays increased energy expenditure of both HF-Sed (p = 0.0120) and CF-Ex mice (p = 0.0254) compared with CF-Sed mice (Fig. 3D) .
The expression of mRNA encoding TFAM, DGKB, BDH1, HSP60, and HIF1-was unaltered by diet or exercise. HSP70 mRNA levels were increased by exercise compared with sedentary mice (CF-Sed vs. HF-Ex, p = 0.014; HF-Sed vs. CF-Ex, p = 0.014; HF-Sed vs. HF-Ex p = 0.003, Fig. 4A ). TrkA mRNA was reduced in high-fat fed exercised mice compared with CF-Sed mice (p = 0.024). Diet or exercise did not alter the expression of mRNAs encoding CGRP and NGF (Fig. 4B) .
Exercise significantly decreased IL-1 (p = 0.011) and IL-6 (p = 0.032) levels in high-fat fed exercised mice compared with HF-Sed mice. IL-6 levels were elevated relative to CF-Sed mice in CF-Ex (p = 0.007) and HF-Sed mice (p = 0.002, Fig. 4C ). TNF-was not significantly reduced in high-fat fed exercised mice relative to high fat sedentary mice (p = 0.053). In addition, p38 was decreased in high-fat fed exercised mice relative to CF-Sed mice (p = 0.032) and HF-Sed mice (p = 0.0376). JNK was significantly decreased in high-fat fed exercised mice relative to high fat sedentary mice (p = 0.039).
TRPV1 mRNA expression was increased in CF-Ex mice relative to CF-Sed (p = 0.037) and HF-Ex mice (p = 0.026, Fig. 4D ). AKAP150 was significantly increased relative to CF-Sed (p = 0.030) and HF-Ex mice (p = 0.012). TRPA1 was increased in high-fat fed sedentary mice compared to CF-Sed (p = 0.049) and HF-Ex mice (p = 0.040). mRNAs encoding SNAP23 (p = 0.035), SNAP25 (p = 0.009), and Stxbp4 (p = 0.033) were increased in high-fat fed sedentary mice compared with high-fat fed exercised mice. VAMP2 mRNA was slightly decreased in high-fat fed exercised mice compared with HF-Sed (p = 0.084). VAMP2 was statistically different in HF-Ex mice compared with CF-Sed mice (p = 0.017, Fig. 4E ).
Western blot analyses revealed no changes in phosphorylation of p38 protein in the DRG due to diet or exercise. There were no significant alterations in any of the electron complexes analyzed between groups (Figs. 5A-D) . PGC1-, phosphorylated and total AMPK protein levels were not different across groups.
Analysis of SNAP23 and SNAP25 protein levels also revealed no differences in response to diet or exercise.
Analysis of PPAR-protein expression revealed increases in HF-Sed and HF-Ex mice compared with CF-Sed and CF-Ex mice (HF-Sed vs. CF-Sed, p = 0.0188; HF-Sed vs. CF-Ex p = 0.0184; HF-Ex vs. CF-Sed p = 0.0076; HF-Ex vs. CF, p = 0.0079, Fig. 5E ).
Discussion
Our results demonstrate that mice fed a high-fat diet develop mechanical allodynia (Guilford et al., 2011;  The main effect of a high-fat diet increases PPAR-in both exercise and sedentary mice as compared with their chow-fed counterparts (p < 0.001). CF-Sed n = 6, CF-Ex n = 5, HFSed n = 7, high-fat exercise HF-Ex n = 8). All are data presented as mean ± SEM. CF-Sed, chow-fed sedentary; HF-Ex, high-fat exercise. Groover et al., 2013) . Mice with access to running wheels have a slow attenuation of mechanical allodynia after 6 weeks of exercise. We investigated potential molecular mediators that may explain how exercise benefits allodynia caused by a high-fat diet and revealed that exercise can correct sensory impairments without inducing changes in several key metabolic parameters.
In previous studies using high-fat diets, sedentary mice increase fat storage and weight gain, while exercised mice fail to gain weight and increase fat mass similar to sedentary mice (Bradley et al., 2008) . Exercised mice fed a high-fat diet gained weight similar to high-fat fed sedentary mice. It is plausible to suggest these metabolic changes are due to exercise-induced increases in muscle mass as opposed to fat. Our results suggest changes other than fat mass reduction may be important in influencing allodynia based on the result that high-fat fed exercised mice did not differ in lean and fat mass compared with sedentary high-fat fed mice.
As fat mass and weight changes may not explain the benefits associated with exercise, differences in utilization of fat as an energy source could be important. All our metabolic measures were obtained in cages where mice did not have access to running wheels to avoid acute metabolic changes associated with exercise. High-fat diets induce whole-body lipid oxidation as evidenced by RQ that approach a ratio of 0.7 (VCO 2 /VO 2 ) (Krogh and Lindhard, 1920) . Exercised and a high-fat fed sedentary mice appeared to utilize fats as a primary fuel source, suggesting that exercise does not lead to greater utilization of fat as an energy source. This is supported by our findings that sedentary high-fat fed mice had a greater resting energy expenditure compared with HF-Ex mice. The sedentary high-fat fed mice had the highest fat pad mass, the greatest weight gains, and burned the most energy, indicating resting energy output may not be a key factor in the amount and utilization of fat related to allodynia. One caveat is that the current study performed the calorimetric analysis in caging without running wheels, which could be argued to dampen the effects of 10 prior weeks of training.
We found increased blood levels of -hydroxybutyrate in sedentary high-fat fed mice and that exercise significantly reduced -hydroxybutyrate levels. Normally when utilizing fat as a key fuel source, ketone levels are elevated (McGarry and Foster, 1980) . Exercised high-fat fed mice may process fat more efficiently, leading to a decrease in ketones. We analyzed PPAR-, a fatty acid-activated transcription factor increased during ketogenesis (Lemberger et al., 1996) . While PPAR-protein levels were increased by the high-fat diet, exercise was unable restore elevated levels of PPAR-in the DRG. The role of PPAR-in DRG neurons is complex, as it has been shown to play a role in both analgesia and pain (Piomelli and Sasso, 2014) .
Our results suggest the benefits of exercise are not mediated via increased fat metabolism alone, because high fat exercised mice have increased fat pad mass and burn fats as a primary fuel source, while expending less resting energy than high-fat fed sedentary mice. Exercised mice fed a high-fat diet displayed improved ketone processing and similar utilization of fat, while at the same time displaying decreased expression of mediators associated with inflammation. This suggests that exercise exerts benefits by affecting inflammatory pathways that influence the peripheral nervous system compared with the whole body fat storage and utilization.
The reduction of inflammatory mRNAs (TNF-, IL-1 , IL-6, p38, JNK) in HF-Ex mice as compared with sedentary high-fat mice is consistent with exercise's anti-inflammatory role. On the basis of exercise-induced changes in inflammatory gene expression, we hypothesized that this could lead to changes in TRP ion channels associated with pain (Chung et al., 2011) . Our results revealed that TRPV1 mRNA was unaltered by diet or exercise. A kinase involved in the translocation and insertion of TRPV1 into membranes, AKAP150, was significantly decreased in HF-Ex mice. Modification of TRPV1 trafficking and translocation are consistent with alterations in the synaptosomal complex. SNAP23/25, STXBP4, and VAMP2 were all decreased in high-fat diet exercised mice. These results point to a possible mechanism related to TRP channel trafficking and membrane insertion.
TRPA1 was also examined as it often co-localizes with TRPV1 and is co-activated through TRPV1 signalling (Bautista et al., 2006; Akopian et al., 2007) . TRPA1 mRNA was elevated in HF-Sed mice and decreased in HF-Ex mice. Changes in TRPA1 levels provide a strong link to the mechanical allodynia that occurs in response to a high-fat diet, and also suggests that future studies of both TRPV1 and TRPA1 are needed to completely understand the role of diet and exercise on sensory function.
